Abstract Because of its potential use as fertilizer, urine ("yellow water") is a resource originating from sanitation. Its separate collection in no-mix toilets is a beneficial aspect of ecological (source control) sanitation. In order to avoid dilution of the fertilizing nutrients with toilet flush water, the utilization of yellow water as toilet flush liquid seems to be advantageous. To be accepted for this purpose, urine has to be decolorized (and also deodorized). In this study activated carbon adsorption, irradiation with UV light of different wavelengths, the advanced oxidation processes ultrasound, UV/H 2 O 2 , and photocatalytic oxidation have failed to decolorize urine. Biological treatment caused brown colour of the treated urine. Only ozonation was successful in colour removal, although it did not affect TOC. In spite of darkening of yellow water during biological treatment (generation of humic substances), smaller ozone doses were required for decolorizing the biologically pre-treated urine than for original urine. Photocatalytic oxidation of biologically treated urine also removed brown colour, but the original yellow colour remained. In ozonated urine, yellow colour was reconstituted unless hydrogen peroxide was added. In addition to colour removal, ozone contributed to deodorization as a consequence of ammonia stripping and probably of phenol oxidation.
Introduction
With regard to the water cycle, ecological sanitation is a zero emission sanitation concept. Separate collection of different parts of the domestic wastewater (source control) enables the re-use of constituents as resources. Greywater (all domestic wastewater not passing toilets) is poor in nutrients and exhibits the highest volume flow of particular domestic wastewater streams (about 20 m 3 per capita and year). After appropriate treatment, it can be re-used for high quality purposes, even as an indirect drinking water source .
The residual domestic wastewater, called blackwater (which is the sum of all wastewater originating from toilets), consists of two parts: "brown water" (faeces with toilet flush water) and "yellow water" (urine) (Otterpohl, 2001 ). Both can be collected separately in socalled "no-mix" toilets with two bowls, the rear one for faeces, the front one for urine.
Brown water, which represents the lowest volume flow (about 50 l of faeces per capita and year) compared to greywater and yellow water, is contaminated with pathogenic microorganisms. Its dry processing (e.g. solar dehydration or rotting in filter bags collecting solids from no-mix toilets and subsequent composting) is more hygienic than diluting the material with large volumes of water and spreading it into surface waters as it is practised in "conventional sanitation". Solids from brown water which have been hygienized e.g. by solar dehydration or composting are excellent soil conditioners helping to abate soil erosion.
Yellow water with a per capita volume flow of about 500 l/a is extremely poor in heavy metals . In ecological sanitation systems, it is looked upon favourably as fertilizer because of its high content of nutrients like phosphorus, nitrogen, potassium, trace metals etc. In Sweden, there is some experience with agricultural use of yellow water (Kärrman et al., 1999) . Using yellow water as fertilizer (possibly after concentration) is highly sustainable taking into account limited resources of fossil phosphorus or potassium and energy consumption for synthesis of nitrogenous fertilizers. Moreover, keeping nutrients away from wastewater helps to save energy in treatment plants (e.g. by reducing aeration for nitrification).
A prerequisite for using urine as fertilizer is to obtain it as concentrated as possible, in order to save transportation costs and storage space. If water is used for toilet flushing, undesired dilution of the yellow water can be a consequence. In order to avoid this dilution and to save water, yellow water can be used as a flushing liquid itself (Otterpohl et al., 2002) . However, original urine will not be accepted as toilet flush water due to its odour and its colour. Attempts to deodorize yellow water by nitrification have been described by Lindner et al. (2003) . In Figure 1 , a possible sanitation scheme is depicted with decolorized and deodorized yellow water being recirculated as toilet flush liquid. In this sanitation example, brown water is filtered in a so-called "Rottebehaelter" (3 in Figure 1 ) (this can be a filter bag where the brown water solids are collected and allowed to rot for one year). The filtrate requires pathogen removal and, like yellow water used for toilet flushing, deodorization and decolorization (because it contains bile pigments from faeces). For this purpose, a preliminary biological stage for preparing the flush liquid is suggested. In a sanitation scheme like this, no water is used for flushing, and thus the yellow water collected in tank 4 is not diluted and can be used as fertilizer.
This study aimed to find techniques for decolorization of urine to prepare it for being used as toilet flush liquid. Besides activated carbon adsorption, activated sludge treatment, UV irradiation with different wavelengths, ozonation, the advanced oxidation processes (AOPs) photocatalytic oxidation, UV/H 2 O 2 , and ultrasound were tested in laboratory-scale experiments for their potential to remove colour from yellow water.
Materials and methods

Screening of processes for yellow water decolorization
Yellow water collected from several individuals has been mixed and submitted to different processes to test their decolorization efficiency. During the whole study, different urine mixtures have been investigated. Activated carbon adsorption. Powdered activated carbon (PAC, Hydraffin WG, Lurgi, GmbH, Frankfurt/M., Germany) has been added to samples of 10 ml of yellow water in 20 ml headspace vials yielding concentrations of 50 to 1,000 mg activated carbon per litre. The suspensions were shaken (150 rpm) for one week. After filtration over paper filters and centrifugation, the supernatants were analyzed for color and TOC.
Activated sludge treatment. A suspension of activated sludge (initial MLSS concentration: 1.8 g/l) in yellow water was aerated for 12 days in batch mode. After this period, the activated sludge was removed by centrifugation.
Ultrasonication. A volume of 80 ml was sonicated for 30 min by means of an ultrasound horn (Branson Sonifier Model 250; 20 kHz; 190 W) submerged 1.5 cm into the liquid.
UV irradiation. Falling films of yellow water have been irradiated with a low pressure mercury lamp (UV-C) and a medium pressure mercury lamp (emission between 200 and 600 nm) in batch experiments. UV lamps were adjusted in the centres of glass tubes (I.D. 15 cm; length 1 m). On the inner wall of the tubes, yellow water was trickling as falling films which were collected in vessels below the tubes. A yellow water volume of 3 l was recirculated with a flow of about 550 l/h. UV-A irradiation (up to 76 hours) was performed in a stirred beaker at original pH as well as at pH 3 and 11 with a face tanning unit (mainly UV-A) adjusted 30 cm above the yellow water surface. At neutral pH, UV-A irradiation has additionally been tested in the presence of hydrogen peroxide (1,000 mg/l).
Photocatalytic oxidation. A volume of 1 l of a "P25" TiO 2 suspension (TiO 2 concentration: 4 g/l) in urine or biologically treated urine was stirred in a beaker and irradiated with the UV-A lamp positioned 30 cm above the suspension surface. Prior to analyses, TiO 2 was removed from samples by centrifugation.
Ozonation. Original as well as biologically pre-treated yellow waters were ozonated in a bubble column (diameter: 12.5 cm; liquid volume: 400 ml; flow of ozone gas: 72 l/h; O 3 concentration in gas phase: 30-40 mg/l).
Analyses
For approximate characterization of yellow colour, absorbance at 350 or transmission at 400 nm have been measured in centrifugation supernatants of samples. For ozonation experiments, absorbance at 350 nm was divided by cuvette thickness yielding the spectral absorption coefficient SAK 350 . TOC has been analyzed according to German standard methods. Ammonia was analyzed according to German standard methods, but using flow injection analysis. Conductivity was measured with a conductivity probe.
Results and discussion
Activated carbon adsorption led only to poor decolorization (Figure 2) . A PAC concentration of 1,000 mg/l resulted in slightly increased absorbance at 350 nm which might have been caused by residual PAC particles not completely removed from this highly concentrated PAC suspension. Failure of colour removal by activated carbon adsorption can be explained by high TOC concentrations of yellow water, so that non-coloured organics (or even inorganics) compete with coloured urine constituents like urobilin for adsorption sites. Biological treatment caused a dark brown colour (indicating transformation of easily degradable organics to humic substances) but did not result in detectable decrease of ammonia concentrations. However, TOC concentration decreased from around 3 g/l to about 800 mg/l (see also Figure 4b ). It has to be noted that TOC analyses show high variations in the urine matrix without biological treatment.
None of the tested UV irradiation procedures yielded any colour removal. On the contrary, intensity of colour has been increasing (indicated by drastic decrease of transmission of light of 400 nm wavelength as shown in Figure 3 ) during UV-C irradiation ("low pr. lamp" in Figure 3 ) as well as during irradiation with the medium pressure mercury lamp ("med. pr. lamp" in Figure 3 ). The medium pressure lamp generated a high amount of heat which led to intense evaporation of water from the falling film. While concentration by evaporation explains colour enhancement in this experiment, the intensification of yellow colour to an almost similar degree during UV-C irradiation was obviously not due to evaporation (which was only marginal because the low pressure lamp did not lead to a high temperature increase). From visible inspection the yellow colour was changed to a more brown colour suggesting undesired photochemical reactions.
UV-A irradiation did not affect yellow colour (also when yellow water has been biologically pre-treated). At elevated pH a slight intensification of colour was observed after UV-A irradiation. During UV-A irradiation of original urine an increase in conductivity was observed, but not during UV-A irradiation of biologically treated greywater. Increasing conductivity is interpreted with decay of urea which was no longer present after activated sludge treatment.
The addition of 1,000 mg/l hydrogen peroxide during UV-A irradiation did not reduce absorbance at 350 nm (data not shown). That means that the AOP UV/hydrogen peroxide also was not able to remove colour from yellow water.
Treatment with 20 kHz ultrasound (dose around 1 kWh/l) affected neither the yellow colour nor the TOC (data not shown). Ammonia was reduced to about 25% (obviously caused by intensified NH 3 evaporation because of warming of the solution during sonication).
Also photocatalytic oxidation (in the presence as well as in the absence of H 2 O 2 and also after biological pre-treatment of the yellow water) did not lead to any decolorization (data not shown). This can be explained by the high TOC concentrations of urine in the range of some g/l, in other terms: high concentrations of colourless organics compete with bile pigments for OH radicals and electron holes. Photocatalytic oxidation of the brown biologically pre-treated yellow water was very impressive, because after disappearance of the brown colour the original yellow colour could be recognized again. Similar to UV-A irradiation in the absence of TiO 2 , photocatalytic oxidation resulted in an increase of conductivity by urea hydrolysis when original urine was treated. During photocatalytic Figure 3 Transmission of light of 400 nm wavelength through yellow water layers of 1 cm thickness before and after irradiation of a yellow water falling film with a low pressure and a medium pressure mercury lamp, resp oxidation a reasonable ammonia removal was also detected which is interpreted as NH 3 volatilization within the treatment period.
The only successfully applied process for decolorization was ozonation of yellow water ( Figure 4a ). As ozonation shows a high degree of selectivity toward unsaturated organic compounds (among them coloured substances like urobilin and also humic substances) it is not surprising that TOC was not affected significantly in spite of decolorization during ozonation (Figure 4b ). However, when ozonated urine samples were allowed to stand for several hours, the yellow colour returned. Variation of pH after ozonation to acid or alkaline conditions could not prevent the re-building of yellow colour. But when hydrogen peroxide was added after ozonation, the liquid remained colourless. There was no strong odour after ozonation of samples (after purging of residual ozone) which can be explained by NH 3 removal. In accordance with this finding perceptible with sense of smell, ammonia concentrations decreased during ozonation, obviously because of stripping of NH 3 (data not shown). Probably, phenols (which contribute to the odour of urine) and residual drugs are also transformed during ozonation, because they are aromatic (or at least contain unsaturated molecule parts).
Another advantage of yellow water ozonation was transformation of detergent molecules like bile acids and proteins. Foaming of yellow water due to introduction of ozone gas disappeared after a short ozonation period.
Conclusions
Among the screened procedures, only ozonation was able to remove yellow colour from urine, which can be explained by relatively selective reactions of ozone with C-C double bonds being an important structural feature of molecules causing the yellow colour (e.g. urobilin). However, subsequent addition of hydrogen peroxide was necessary to prevent the yellow colour from returning. Although biological treatment prior to ozonation resulted in dark-brown colour of the urine, lower ozone doses than required for original yellow water led to decolorization because of TOC removal by biological treatment. Ozonation of yellow water was also beneficial for odour abatement, because some NH 3 has been removed by stripping and also phenols might have been transformed. At the beginning of ozonation, severe foaming was observed, but because of transformation of detergent substances no more foaming occurred at the end of the ozonation procedure. It can also be assumed that drugs (which very often contain chemical structures susceptible toward selective attack by ozone, i.e. olefinic and aromatic functional groups) are transformed by ozone. Thus, ozonation may also contribute to decrease potential risks of residual pharmaceuticals in urine during its application as fertilizer.
